Surveys of the California Current System in 1993 revealed high concentrations of photosynthetic pigment biomass at -200-m depth, well below the euphotic zone. The deep fluorescence feature contained an estimated 2.2 X 10J metric tons of carbon and contained -2.5 times the amount of chloroph,yll observed in surface waters directly above it. Deep phytoplankton assemblages may be a signature of water mass subduction, suggesting the possibility of using phytoplankton as water mass tracers. These field observations led to a laboratory study of the fluorescence characteristics of autotrophic cells as possible indices of acclimation to extended periods of darkness. In vivo multiexcitation Chl a fluorescence of the diatom Thalassiosira weissflogii was mlsnitored for 2 months of total darkness. Numbers of living and dead cells were determined using the vital stain flucarescein diacetate (FDA). By the end of the dark incubation period, in vivo Chl a fluorescence and fluorescence per cell had leveled off to -45% and 65% of initial values, respectively. The contribution of accessory pigments to Chl a fluorescence, expressed as multiexcitation fluorescence ratios, was higher in the dark than prior to transfer to darkness but showed no significant changes during 2 months of darkness. The FDA assay indicated that -85% of the cells were alive for at least the first 3 weeks during the first dark experiment and for the entire 2 months of 1 second dark incubation. Cell numbers decreased to 65% of initial values and then grew exponentially upon reexplsure to a light: dark photoperiod. Our results for T. weissjlogii suggest that extended light limitation of photosynthesis does not preclude the survival of subducted phytoplankton assemblages and the consequent accumulation of Chl a at depths below the euphotic zone. If these results extend to natural assemblages, it is not possible to estimate advective time scales based on a maximum persistence time of pigment fluorescence below the euphotic zone. Nevertheless, the deep phytoplankton assemblage we observed provides evidence for water mass subduction and suggests that large, intermittent pulses of phytoplankton carbon are a part of cross-shelf exchange and vertical flux from surface waters to depth in this region.
Although photoautotrophic growth in the ocean is restricted to the euphotic zone, the vertical distribution of phytoplankton sometimes extends well below the euphotic zone. The presence of significant concentrations of phytoplankton below the euphotic zone suggests that the autotrophic cells have sunk to the observed depth, or that the euphotic zone water containing the cells has been physically displaced. For example, observations of deep phytoplankton assemblages have been presented as evidence for water mass subduction in 'the California Current System (Hood et al. 1991; Kadko et al. 1991; Washburn et al. 1991) , which suggests the possibility of using phytoplankton as water mass tracers.
Additional observations of the California Current System in 1993 revealed photosynthetic pigment biomass at depths well below the euphotic zone (Cowles et al. 1994) . The survey region, located -200 km offshore of northern California and seaward of the continental shelf, enclosed a portion OF a meandering jet and an adjacent cyclonic eddy. Surveys with an in situ fluorometer on a SeaSoar vehicle revealed a deep region of chlorophyll a (Chl a) fluorescence that was centered at -150-200 m ( Fig. 1 ) with a horizontal extent of -50 X 60 km. This feature was physically separated from a "deep chlorophyll maximum" (Steele and Yentsch 1960; Cullen and Eppley 1981) centered at -50 m in the pycnocline. The depth of the 1% light level, determined from a photosynthetically available radiation (PAR) sensor (Biospherical Instruments), ranged from 45 to 55 m in the region where the deep feature was sampled. Chl a concentration in the core of the deep feature was -1.5-2 pg liter-' (determined by calibration with extracted Chl a measured from a CTD cast) and the total chlorophyll content was -2.5 times that of the eupf otic zone directly above it. Assuming a carbon: chlorophyll value of 50 (e.g. Landry and Lorenzen 1989) , the deeF feature contained -2.2 X 1 O4 metric tons (2.2 X 1O10 g) of carbon, representing a mean concentration of -60 pg C liter I. This concentration is comparable to reported values for nearshore euphotic zone waters in the California Current (Ohman 1988) and is 4-40 times greater than those reported for subeuphotic zone (I 00-1,000-m depth) waters in the north-central Pacific (Druffel et al. 1992) .
The presence of such substantial phytoplankton biomass well below the euphotic zone raises questions about the time scales of viabil:ty and physiological status of autotrophic cells in darkness. Gradual change in a physiological parameter during extended periods of darkness could provide an index for tracking subducted (or sinlung) phytoplankton assemblages. This study examines the fluorescence characteristics of autotrophic cells as possible indices of acclimation to extended periods of darkness.
The extent to which advective processes can be inferred from observations of deep fluorescence features is limited by our understanding of in viva fluorescence activity in the dark. Fluorescence is a nonconservative property and is affected in situ by processes such as photoadaptation, phytoplankton growth and senescence, and losses due to sinking and grazing. These factors complicate the use of deep fluorescent features as tracers of water mass subduction. To evaluate the role of phytoplankton characteristics as potential indicators of water mass subduction or sinking, it is necessary to identify the time scales over which changes occur in nonconservative properties such as fluorescence. If in vivo Chl a fluorescence is detectable in the dark for a finite and predictable period, a maximum persistence time for the fluorescence signal of phytoplankton below the euphotic zone can be inferred; from this, a minimum subduction velocity can be estimated.
Multi-excitation chlorophyll fluorescence can provide insight into physical regimes by providing information on the light history of phytoplankton assemblages. The pigment composition of photoautographs includes accessory pigments that absorb light at wavelengths outside the chlorophyll absorption band and transfer a portion of this energy to Chl a. The physiological response of phytoplankton to low light includes an increase in the fluorescence excitation of Chl a by accessory pigments relative to the excitation by Chl a itself (Neori et al. 1984; Soohoo et al. 1985) . This shift can indicate changes in pigment composition within cells as well as changes in species composition within phytoplankton assemblages (Hilton et al. 1989; Neori et al. 1984; Soohoo et al. 1985; Yentsch and Phinney 19X5) ; either (or both) may serve to maximize the PAR that can be barvested at depth. By measuring fluorescence as a function of separate excitation wavebands, multi-excitation tluorescence techniques provide a means of quantifying the contribution of accessory pigments to Chl il tluorewxnce. Neori et al (1984) applied multi-excitation fluorescence techniques to natural phytoplankton assemblages and observed a shift in excitation of Chl a fluorescence toward accessory pigment wavebands with depth. This shift was intensified in vertically stratified waters, suggesting that when the water column is unstable, the residence time of the cells at any depth is insufficient for the induction of significant photoadaptation.
Although the photoadaptive response of phytoplankton to low light has been well studied (e.g. Falkowski 1980; Geider et al. 1996; Lizotte and Sullivan 1991; Mitchel and Kiefer 1988; Perry et al. 1981) , little is known about in vivo Chl a fluorescence during prolonged periods of darkness. The primary objective of the present study was to identify time scales over which in vivo Chl a fluorescence, and the potential contribution of accessory pigments to this fluorescence, change under dark conditions. A secondary objective was to assess concurrently the viability and metabolic state of phytoplankton cells during extended periods of darkness. To address these objectives, a laboratory experiment was conducted to simulate dark conditions experienced by subducted phytoplankton populations. In vivo multi-excitation Chl a fluorescence and metabolic state of the diatom Thalassimira wrissflogii were monitored for 2 months of total darkness. By the end of this period, in vivo Chl a Auorescence had leveled off to 45% of initial values. The contrbution of accessory pigments to Chl a fluorescence was higher in the dark than prior to transfer to darkness but did not change significantly during the 2 months in the dark. Cells remained metabolically active throughout dark incubation, and exponential growth was established upon reexposure in a light: dark photoperiod. Our results suggest that extended periods of light limitation of photosynthesis do not preclude the survival of subducted phytoplankton assemblages and the consequent accumulation of Chl a at depths below the euphotic zone.
Methods
Phytoplankron culture and expermwirul deslg"+Al-though the biomass feature observed in the field (see Fig.  I ) was not sampled for species composition, we think the deep feature is likely to have originated from a diatom-dominated upwelling bloom. The diatom genus Thalassiosira was selected for the experiment because it has been observed during upwelling conditions in the California Current System Chavez et al. 1991; Hood et al. 1990 Hood et al. , 1991 . Additionally, Thalassiosira species have been found to form aggregates that facilitate rapid sinking (Alldredge et al. 1995; Smetacek 1985) . A unialgal culture of T. weissflogii (strain 636; Northeast Pacific Culture Collection, University of British Columbia) was grown in IMR seawater medium (Eppley et al. 1967 ) in a controlled-environmental chamber at 16°C under a 14: 10 L/D photoperiod at an irradiance of 100 &E m 2 s '. During the logarithmic phase of growth (growth rate, k of experimental culture = 0.48 d-l; mean growth rate of cultures under the same growth conditions = 0.52 d I, SE = O.OS), the culture was divided among 54 125-m] Erlenmeyer flasks wrapped in foil and transferred to darkness. The flasks were placed in a dark controlled-environmental chamber where they were held at 12°C for 62 d. The incubation temperature was chosen to reflect the approximate mean temperature to which phytoplankton assemblage would be exposed during a vertical excursion from warm (-15°C) waters in the euphotic zone to cooler waters (-9°C) at depths of 150-200 m.
During the dark incubation period, triplicate flasks were periodically removed for sampling and the following measurements were made: multi-excitation fluorescence, cell numbers (living and dead), concentrations of photosynthetic pigments, and nitrate. Additionally, a limited number of samples were analyzed for particulate organic carbon (POC) content. Sampling began on day 0 immediately prior to transfer to darkness, and sampling frequency ranged from daily during the first week to weekly by the end of the dark incubation period. Flasks were swirled daily to avoid formation of local layers of anoxia, and again before sampling. Calculations based on initial cell numbers indicated that oxygen would not be depleted from the culture flasks during the experimental period. At the end of the 2-month dark incubation period, cell viability was assessed by inoculating aliquots from the flasks remaining on day 62 into fresh seawater medium and placing these inocula under a 14 : 10 L/D photoperiod at 16°C. Cell numbers were monitored over the following 3 weeks.
Two additional experiments were performed to verify observations from experiment 1. In one experiment, in vivo fluorescence and cell counts were monitored during 3 d of dark incubation. In the next, cell counts (living and dead) and POC were monitored during 2 months of darkness. All samples were protected from light exposure during the experiments through use of light-tight chambers for transporting, diluting, and processing samples.
Variables measured-In vivo multi-excitation fluorescence: A spectral absorption and fluorescence instrument (SAFIRE; Desiderio et al. 1996 ) was used to measure Chl a fluorescence as a function of separate excitation wavebands. The SAFIRE uses 6 excitation wavebands (4 in the visible and 2 ultraviolet) and 16 emission wavebands (from ultraviolet to far red). In the present study, Chl a fluorescence emission (685 nm) was examined as a function of violet (435 nm), blue (485 nm), and green (520 nm) excitation. The instrument was configured with the same excitation filters used in the multi-excitation fluorometer (Desiderio et al. 1997 ) deployed during the 1993 field surveys.
The SAFIRE is equipped with an xenon flash lamp (30 Hz) and a rotating filter wheel (5 Hz). Flash intensity ranged from 42 to 230 kW mm2 (5.5 X 1013 quanta cm-2 to 5.8 X 1Ol4 quanta cmm2), depending on the wavelength of the excitation filter, and each flash lasted -10 ps. During sample processing, a 50-ml aliquot of culture from each replicate flask was diluted 20-fold and then passed through the instrument with gravity flow. A flow rate of 50 ml s-l resulted in a sample residence time of 100 ms in the flow tube between the excitation source and the Chl a fluorescence emission detector. Thus, a given portion of sample was exposed to approximately three flashes between initial excitation and fluorescence detection, with 33 ms elapsed between flashes.
The contribution of accessory pigments to Chl a fluorescence can be quantified by calculating ratios of chlorophyll fluorescence emission as a function of excitation wavelength. The ratios are collectively referred to here as multi-excitation fluorescence ( MEF) ratios and individually as the B-ratio and the G-ratio. The B-ratio (CHL, : CHL,) is obtained by dividing chlorophyll emission (685 nm) due to blue excitation (485 nm) by chlorophyll emission resulting from violet excitation (435 nm). Similarly, the G-ratio (CHL,: CHL,) is obtained by dividing chlorophyll emission (685 nm) due to green excitation (520 nm) by chlorophyll emission resulting from violet excitation (435 nm). Quantum corrections were applied to account for the spectral dependencies of the lamp output. The e:<citation power output for each wavelength was obtained thrcugh direct power measurement using a calibrated pyroelectric head and a Newport model 8825-C power meter.
Cell counts and metabolic activity: Counts of living and dead cells using the vital stain fluorescein diacetate (FDA) were made on each replicate flask throughout the 2-month experimental period. The FDA assay provides an index of metabolic activity, and hence cell viability, in marine phytoplankton (Bentley-Mowat 1982; Dorsey et al. 1989; Selvin et al. 1988) . l?hytoplankton cultures were stained with FDA (Sigma Chemical, F-7378, lot no. 104H5010) as outlined in Dorsey et al. c1989 ) at a final concentration of 10 FM. These samples were kept in the dark at 12°C for 6-7 min, then filtered onto 0.8~Frn black Poretics membrane filters, and mounted on slides for epifluorescence microscopic examination. An Olympus BHTU epifluorescence microscope was used, equipped with a reflected light fluorescence attachment (BH2-RFL) and illuminated by a mercury lamp source (Osram HBO lOOW/2). The optical system incorporated a 490-nm excitation filter, a 500-nm dichroic mirror, and a longpass 5 15-nm barrier filter for epifluorescence detection. Concentrations 0:' living (FDA-positive) and dead (FDA-negative) cells were determined by enumeration of cells within an ocular grid. A minimum of 100 cells were counted from each sample. Assuming a random distribution of cells across the filter, these counts give a 95% confidence interval of the estimate within 220% of the true mean (Lund et al. 1958) .
In addition to the original experiment, live/dead cell counts were made during a 2-month repeat dark incubation. On two sampling dates during the repeat experiment, sample aliquots were stained with the vital stain Celltracker Green CMFDA (Molecular Probes) at a final concentration of 5 p,M, in addition to aliquots stained with FDA. The Celltracker stain, like FDA, is a fluorescent probe of cell enzymatic activity (Haugland 1995) ; results from the two assays were compared.
Pigment, carbon, and nutrient measurements-Aliquots (10 ml) of culture for pigment and POC measurement were filtered onto '25-mm glass-fiber filters (Whatman GF/F) and then frozen. Chlorophyll a and pheopigment concentrations were determined in vitro with a Turner Designs fluorometer calibrated with commercial Chl a (Sigma Chemical) after extraction in 90% acetone (Strickland and Parsons 1972) . Six samples 'were analyzed for photosynthetic pigments us-' ing HPLC. For POC determination, filters were dried at 60°C for 24 h and analyzed on a Carlo Erba NA1500 C/N analyzer. Carbon measurements were corrected for filter blanks. Filters were not precombusted, but filter blanks comprised <2% of measured carbon. For nutrient determination, lo-ml aliquots of culture were stored frozen in acid-washed, 20-ml polycarbonate scintillation vials. Concentration of [nitrate + nitrite] was determined using a Technicon II Auto-Analyzer and the protocol of Whitledge et al. (1986) .
Statistical methods-Simple linear regression (SLR) was used to assess changes in measured variables as a function of time in the dark. To determine whether measured variables changed significantly with time in the dark, t-ratios were calculated for tests of the hypothesis that the slope of the regression is equal to zero. Two sided P-values for these tests are reported. Standard errors for the mean of replicate measurements at each time point were calculated and are represented by error bars in the figures.
Results
Cell counts, metabolic activity, and nutrients-Concentration of total cells (living plus dead) decreased over the dark incubation period from 3.4 X 10" to 2.2 X lo4 cells ml-l, or 65% of the initial value (Fig. 2) . Percentages of living (FDA-positive) cells during both the original incubation and the second 2-month trial are shown in Fig. 3 . In the first trial, the percentage of living cells showed no significant change from a.mean value of 82% during the first 3 weeks of incubation (P = 0.60). During the remaining 6 weeks, the stained cell counts were highly variable and are considered unreliable; the second 2-month trial was performed in order to clarify the cell counts. During this trial, 84% of the total cells were alive for the entire period, and neither the total cell concentration nor the number of living cells changed significantly with time (P = 0.75 and 0.94, respectively). Additional cell counts with the vital stain Celltracker during the repeat trial (days 63 and 70) indicated that 85% of the cells were alive. When the cultures that had been in the dark for 2 months were returned to a light: dark photoperiod, exponential growth was reestablished (growth rate, p = 0.43), with a possible lag period during the first few days, which is not resolved in these data (Fig. 4) . The mean concentration of [nitrate + nitrite] in the culture during the 2-month period was 367 FM and did not change significantly with time (P = 0.27).
In vivo fluorescence and in vitro Chlorophyll a-ln vivo Chl a fluorescence increased -10% during the first 24 h, dropped rapidly during the next week, then gradually leveled off to -45% of initial values (Fig. 5a) . Chl a fluorescence per cell showed a similar pattern (Fig. 5b) , leveling off at -65% of initial values by the end of the incubation period. To verify the initial increase in these parameters, the first 3 d of dark incubation were repeated. The data from this repeat trial are overlaid on the original data in Fig. 5 but were not included in statistical analyses. After the initial increase in fluorescence during the first 24 h, the decay of in vivo Chl a fluorescence as a function of time in the dark can be described by the following simple linear regression model: in vivo flourescence counts = 130.6 -17.9 X In (day) (1) (SE = 3.25) (SE = 1.14) r2 = 0.86; n = 43, where fluorescence counts are relative intensity units measured by SAFIRE at 685nm emission following 435-nm excitation. A lack-of-fit F-test revealed no evidence that simple linear regression is inadequate to model these data (P > 0.05). During the first 6 weeks of dark incubation, in vitro (extracted) Chl a concentration did not change significantly from a mean value of 61 pg liter-' (P = 0.23); after week 6, the mean exl:racted Chl a concentration was 37 pg liter-l (Fig. 6) . In vitl-o Chl a concentration determined by HPLC showed a similar trend of relatively constant values followed by a decline between weeks 4 and 7 (Table 1) . Chl a per cell, however, did not change significantly with time in the dark (P = 0.99; Fig. 7 ). The concentration of pheopigments was <3% of Chl a concentration in all samples, as determined by HPL,C and acetone extraction.
In vivo Chl a fluorescence per unit Chl a decreased during the first 6 weeks of darkness (P = 0.008). This relationship is depicted in Fig. 8 , which shows both fitted and observed values of in vivo fluorescence per unit Chl a concentration (determined in a Turner fluorometer after extraction in acetone and by HPLC) during the first 6 weeks of darkness. The fitted curve was generated as follows. Fitted values of in vivo Chl a flt.orescence were calculated from the regression model for tht: decay of in vivo fluorescence (Eq. 1) over time in the dark. These values were divided by the mean extracted Chl a concentration (61 pg liter-') observed during the first 6 weeks of dark incubation. Note that the concentration of Chl. c relative to Chl a, determined by HPLC, did not change significantly during the experiment (P = 0.24; Table 1 ). This ensures that the relationship between in vivo Multi-excitation fluorescence and pigment molar ratiosThe multi-excitation fluorescence ratios (B-ratio and G-ratio) during the 2-month period are shown in Fig. 9 . The mean value of the B-ratio during the dark incubation period (days l-62) was significantly higher (P = 0.001) than the mean B-ratio on day 0, prior to transfer to darkness (Fig. 9a) . Neither the B-ratio nor the G-ratio changed significantly during the 2 months following transfer to darkness (P = 0.21 and P = 0.65, respectively), and the mean G-ratio in the dark was not significantly different (P = 0.12) than it was prior to transfer to darkness (Fig. 9b) .
The molar ratio of fucoxanthin to Chl a showed a small but significant increase from 0.56 to 0.62 (P = 0.03) during the dark incubation period ( POC-Carbon per cell increased 2.5-and 1.7-fold during the first 5-6 weeks of the original experiment and the second 2-month trial, respectively (Fig. 10) . A subsequent decline in carbon per cell occurred during the final few weeks. This trend is evident in the second trial and is suggested by the data from the original experiment. Carbon is expressed on a cellular basis by dividing the carbon concentration (pg C ml-l) measured in a given flask by the total cell concentration (cells ml-l) measured from the same flask. 
Discussion
T. weissjlogii cells were alive during 2 months of total darkness, and the cultures grew exponentially when returned to light. The persistence of the fluorescence signal in the dark and the growth upon reexposure to light indicate that both the photochemical apparatus and biochemical carbon fixation pathways remained functional. There is some uncertainty associated with our estimates of living cell numbers due to unexplained variability in the FDA assay during the first experimental run. The high percentage of living cells measured during the second 2-month experiment, measured with two different stains (FDA and CellTracker), suggests that the low counts of stained cells during the middle and latter part of the original experiment were erroneous. Thus, it is possible that >80% of the total cells were metabolically active for the entire 2 months of the original dark incubation, as well as during the second trial (see Fig. 3 ).
Diatoms, particularly polar species that are exposed to months of winter darkness, are known for their dark survival capabilities (e.g. Antia and Cheng 1970; Bunt and Lee 1972; Palmisano and Sullivan 1982; Smayda and Mitchell-Innes 1974) . Dark survival mechanisms include (1) reduction in cellular metabolism (French and Hargraves 1980) , (2) formation of resting spores (in Thalassiosira spp. : Durbin 1978; Doucette and Fryxell 1983) and resting stages without morphological change (Anderson 1975; Hargraves and French 1983) , and (3) facultative heterotrophy (Hellebust and Lewin 1977 and authors therein; White 1974) . The FDA assay indicated that cells were metabolically active during dark incubation, and morphologically distinct resting cells were not observed.
It has been established that some diatoms are capable of heterotrophic nutrition under conditions of light stress (Hellebust and Lewin 1977 and authors therein; Lewin and Hellebust 1978; Palmisano and Sullivan 1982; White 1974) . Diatoms that are facultative heterotrophs can retain both their pigmentation and photosynthetic capacity for considerable periods when grown in the dark on organic substrates (Hellebust and Lewin 1977 and authors therein), a characteristic consistent with our results. Assessment of T. weissjlogii's capacity for heterotrophy was not within the scope of this experiment; however, the increase in cellular organic carbon content during dark incubation suggests that cells may have taken up dissolved organic carbon present in the culture flasks. A similar increase in cellular carbon content was observed in the pennate diatom Fragilaria sublinearis isolated from Antarctic sea ice (Bunt and Lee 1972) . During 3 months of incubation in complete darkness, the cellular carbon content of this diatom increased while cell numbers decreased; the authors suggested that surviving cells may be reutilizing organic compounds derived from senescent members of the population. Although the POC data presented here suggest that T. weissflogii may be capable of incorporating dissolved organic carbon into cellular material, measurements of !-adiolabeled organic carbon uptake would be needed to adequately assess this organism's capacity for heterotrophy.
A potential confounding factor in the POC data is the contribution of bacteria to the carbon signal measured on the glass-fiber filters. The cultures used in this experiment were not axenic, and rod-shaped bacteria -1.6 Frn in length were present in the culture flasks. These bacteria are large enough to be retained on GF/F filters, which have a particle retention size of -0.7 pm. Although bacteria were not counted during dark incubation, the contribution of bacteria carbon to POC was estimated: Microscopic cell counts of bacteria were compared between a log-phase T. weissflogii culture grown under a L/D photoperiod and an experimental culture flask that had been in the dark for 12 weeks. The counts indicated that bacterial carbon comprised -4% of total POC at day 0 and probably comprised <lo% of total POC at weeks 5-6, when the measured POC was at a maximum. Based on these estimates, the effect of bacterial carbon on the increase in calculated POC per cell is negligible.
The initial increase of in vivo Chl a fluorescence (bulk and cellular measurements) observed during the first 48 h of darkness is an expected physiological response to light stress. During .?hotoadaptation, the light-harvesting capacity of phytoplankton cells is enhanced by an increase in cellular content of photosynthetic pigments (e.g. Falkowski 1980; Kiefer et al. 1976) . These changes are accompanied by an increase in accessory pigments relative to Chl a (e.g. Perry et al. 1981) , which is manifested in an enhancement of excitation of Chl a fluorescence by accessory pigments relative to excitation by Chl a itself. Photoadaptive enhancement of MEF ratios has been attributed to both an increase in absorption by accessory pigments relative to Chl a and an increase in energy transfer efficiency between light-harvesting pigments and reaction center Chl a molecules (Neori et al. 1984; Soohoo tt al. 1985) . Thus, the initial increase in the B-ratio during the first 24 h after transfer to darkness (see Fig. 9 ) is consistent with established photoadaptive responses of phytoplankton to light stress. However, the MEF ratios did not change over 2 months of darkness, while the molar ratio of fucoxanthin (a principal accessory pigment of diatoms [Jorgensen 19771 ) to Chl a increased by 10% (from 0.56 to 0.62) over several weeks of dark incubation. This result may indicate either that fucoxanthin was not efficiently absorbing and(or) transferring excitation energy to Chl a, or that the MEF ratios are not sensitive to relatively small changes in pigment molar ratios.
Multi-excitation fluorescence characteristics have been demonstrated to be sensitive to both taxonomic composition and photoadaptive state of the phytoplankton (Hilton et al. 1989; Neori et al. 1984; Soohoo et al. 1985; Yentsch and Phinney 1985) . which complicates the characterization of natural assemblages based on MEF ratios. While the B-ratio increased during the first 24 h of darkness, our results suggest that the MEF ratios in T. weissjlogii are unaffected by prolonged periods of darkness. Assuming that this species is representative of the natural assemblage we observed in the California Current System, these observations serve to narrow the range of possible interpretations of in situ MEF characteristics. The deep fluorescence feature possessed multiexcitation fluorescence characteristics, which can be be distinguished from assemblages near the surface and in adjacent flow regimes (T. J. Cowles unpubl.). Because MEF ratios did not change significantly during the extended dark period reported here, the observed differences between deep and surface assemblages in the field are more likely to reflect differences in taxonomic composition than photoadaptive changes within a single species. However, the increase in Bratio that occurred during the first 24 h of darkness implies that differences in multi-excitation fluorescence observed in natural populations may reflect short-term (5 1 d) exposure to dark conditions.
In vivo fluorescence intensity per unit Chl a varies with environmental conditions (Prezelin 198 1 and authors therein), and the decline in this ratio observed during the first 6 weeks of dark incubation affects our interpretation of the field data in terms of absolute Chl a concentration. The concentration of chlorophyll represented by a given amount of in vivo fluorescence depends on how long the observed biomass has been below the euphotic zone. For example, after 6 weeks of darkness the model presented in Fig. 5 predicts that a given in vivo fluorescence intensity is equivalent to 1.7 times the amount of chlorophyll represented by the same fluorescence value at day 0. We can offer no conclusive explanation for the gradual decline of in vivo fluorescence relative to Chl a concentration in the dark. Possible causes of this trend include a reduction in the chlorophyll-specific absorption cross section (Dubinsky 1992 ) and a reduction in the quantum yield of fluorescence via photochemical or nonphotochemical fluorescence quenching (Falkowski and Kiefer 1985) .
Cultures of T. weissjlogii survived and fluoresced for 2 months in the absence of light, then grew exponentially upon reexposure to light. Similarly, viability after prolonged (90-d) periods of darkness was demonstrated in seven out of nine coastal diatoms tested by Smayda and Mitchell-Innes (1974) , and growth rates upon reexposure to light varied between species and with time in the dark. If our results extend to natural assemblages, then extended light limitation of photosynthesis does not preclude the survival of subducted phytoplankton assemblages and the consequent accumulation of Chl a at depths below the euphotic zone. This consideration is relevant to the interpretation of fluorescence signals observed below the euphotic zone. Deep phytoplankton assemblages lend evidence for water mass subduction (or cell sinking) because they are indicative of water that is likely to have been at or near the surface at some time. However, our laboratory results suggest that it is not possible to obtain estimates of advective time scales based on a maximum persistence time of the Chl a fluorescence signal below the euphotic zone, and it should not be assumed that deep fluorescence features represent water of recent surface origin.
Given the ability of diatom populations to retain fluorescence activity during prolonged periods of darkness, why are deep chlorophyll features not more prevalent in regions where surface waters are subducted to depth, such as the California Current System (e.g. Kadko et al. 1991; Swenson et al. 1992; Washburn et al. 1991) , and frontal regions such as the Antarctic Polar Front and the Sargasso Sea (e.g. Pollard and Regier 1992)? A possible explanation is that the complete set of physical and biological conditions necessary for subduction of phytoplankton occur infrequently. Alternatively, subducted phytoplankton cells may be cropped by grazers before biomass accumulates at depth. Finally, inadequate sampling (both vertical and the horizontal) may be responsible for the limited number of observations of subducted phytoplankton assemblages. Surface waters tend to be the focus of biological sampling efforts, because phytoplankton assemblages are not expected to be found well below the euphotic zone. Features may also be missed due to inadequate horizontal sampling resolution. The episodic nature of coastal upwelling blooms (Small and Menzies 1981) , combined with the dynamic circulation of coastal upwelling systems Strub et al. 1991) , imposes sampling constraints on the detection of biological features. A pulse of coastal phytoplankton biomass carried offshore in a jet and subducted to depth could potentially be missed in a nonsynoptic survey. Similarly, sediment traps may underestimate vertical carbon flux by missing episodic advection events, as suggested by Michaels et al. (1994) .
Our observations of large concentrations of phytoplankton biomass at 200-m depth in waters seaward of the continental shelf suggest that intermittent pulses of phytoplankton carbon are a part of cross-shelf exchange and vertical flux of carbon from surface waters to depth in this region. We estimate that the biomass content of the feature was 2.5 times that of surface waters above it, thus representing a substantial flux of carbon relative to the normal rain of biogenic material out of the euphotic zone. Such flux represents a food supply to mesopelagic organisms that may not be predicted by routine sediment trap collections. Only a portion of the carbon removed from surface waters is ultimately sequestered in ocean sediments (e.g. Martin et al. 1987) , and the contribution of this feature to deep-ocean sediments would depend on the vertical transport rate and the amount of phytoplankton biomass respired in the water column.
It has been suggested that carbon budgets for continental shelf ecosystems are not balanced, and that large fractions of organic matter produced on continental shelves are exported (e.g. Malone et al. 1983; Walsh et al. 1981 ). In contrast, Rowe et al. (1986) tested the export hypothesis for the NW Atlantic shelf by searching for an imbalance between primary production and heterotrophic use of carbon and found no evidence to support the hypothesis that a significant amount of carbon is exported from the continental shelf. If the phytoplankton biomass observed in our surveys of the California Current System originated at a coastal upwelling source, transport of this biomass off the continental shelf and to depth may represent a previously overlooked advection term in the carbon budget of the northeast Pacific.
